Bullinger KL, Nardelli P, Pinter MJ, Alvarez FJ, Cope TC. Permanent central synaptic disconnection of proprioceptors after nerve injury and regeneration. II. Loss of functional connectivity with motoneurons. ] suggests an important central contribution from substantial and persistent disassembly of synapses between regenerated primary afferents and motoneurons. In the present study we tested for physiological correlates of synaptic disruption. Anesthetized adult rats were studied 6 mo or more after a muscle nerve was severed and surgically rejoined. We recorded action potentials (spikes) from individual muscle afferents classified as IA like (*IA) by several criteria and tested for their capacity to produce excitatory postsynaptic potentials (EPSPs) in homonymous motoneurons, using spike-triggered averaging (STA). Nearly every paired recording from a *IA afferent and homonymous motoneuron (93%) produced a STA EPSP in normal rats, but that percentage was only 17% in rats with regenerated nerves. In addition, the number of motoneurons that produced aggregate excitatory stretch synaptic potentials (eSSPs) in response to stretch of the reinnervated muscle was reduced from 100% normally to 60% after nerve regeneration. The decline in functional connectivity was not attributable to synaptic depression, which returned to its normally low level after regeneration. From these findings and those in the companion paper, we put forward a model in which synaptic excitation of motoneurons by muscle stretch is reduced not only by misguided axon regeneration that reconnects afferents to the wrong receptor type but also by retraction of synapses with motoneurons by spindle afferents that successfully reconnect with spindle receptors in the periphery.
reinnervation; plasticity; spinal cord; primary afferents; axotomy THE COMPANION PAPER to this article (Alvarez et al. 2011) presents evidence for substantial structural disruption of the central monosynaptic connections made between motoneurons and muscle spindle afferents axotomized by nerve injury. VGLUT1-immunoreactive synaptic boutons presumed to arise from muscle spindle primary afferents were lost proximally and shrunken distally on motoneurons in parallel with retraction of the central projections of spindle afferent collateral axons from lamina IX (LIX). Synaptic disruption occurred within days after nerve injury and, surprisingly, was not re-versed but persisted when the cut nerve regenerated and reinnervated skeletal muscle. Neither did regeneration restore collateral axonal projections into spinal LIX motor pools from afferents exhibiting normal muscle spindle-like responses to muscle stretch. This striking structural disruption, if not functionally compensated by surviving synapses, would be an important contributor to the observed failure of nerve regeneration to restore muscle stretch reflexes and normal limb coordination (Chang et al. 2009; Cope et al. 1994; Cope and Clark 1993; Haftel et al. 2005; Huyghues-Despointes et al. 2003; Maas et al. 2007 ). Currently, the status of functional recovery at the synapses made by muscle spindle afferents with motoneurons is uncertain after regeneration of cut muscle nerves. On one hand, there is substantial recovery of monosynaptic excitatory postsynaptic potentials (EPSPs) evoked by electrical stimulation (Eccles et al. 1962; Goldring et al. 1980; Haftel et al. 2005; Mendell et al. 1995) . On the other hand, when the natural stimulus of muscle stretch is applied, the excitatory stretch-evoked synaptic potentials (eSSPs) conveyed by IA afferents onto motoneurons are, in parallel with synaptic losses shown in our companion paper (Alvarez et al. 2011) , dramatically reduced and not recovered (Haftel et al. 2005) . The present study was designed in an attempt to resolve these seemingly contradictory observations on the function of monosynaptic connections between IA afferents and motoneurons.
Synaptic excitation initiated by muscle stretch in motoneurons recovers poorly after nerve regeneration, as reflected in eSSPs that are smaller than normal or completely missing (Haftel et al. 2005) . One probable limit on recovery is a reduction of the incoming sensory signal for muscle stretch, occurring because not all muscle spindle afferents reconnect with cognate receptors (Banks and Barker 1989; Collins et al. 1986 ). We proposed an additional mechanism involving some sort of central modification required to explain the selective loss of eSSPs in some but not all motoneurons in the same motor pool. It seemed possible that transmission in the monosynaptic stretch-reflex circuit might be suppressed by extrinsic spinal circuits, for example, by those mediating presynaptic inhibition that is amplified after nerve injury (Rudomin 2009 ). An additional candidate mechanism is now uncovered by the new evidence of major losses in the synaptic connections between regenerated spindle afferents and motoneurons.
Major synaptic disconnection after nerve injury and regeneration should express itself as a decline or loss of functional connectivity between motoneurons and individual stretch-activated afferents. Normally, every muscle spindle primary (IA) afferent produces a monosynaptic EPSP in virtually all (Ͼ90%) homonymous motoneurons, at least in cat hindlimb muscles, where the functional connections between pairs of single pre-and postsynaptic neurons have been measured (Henneman and Mendell 1981) . If the synaptic connections of individual IA afferents similarly project to all homonymous motoneurons in the rodent, the loss of eSSPs in a subset of motoneurons after regeneration (see above) would provide a strong indication of central synaptic loss or modification, and direct examination of single stretch-activated afferents should reveal a substantial decline in functional connectivity. The converse result might be expected if preferential trophic support rescues the central synapses of those spindle afferents that successfully reinnervate muscle spindle receptors (Mendell et al. 2001 ). These possibilities were tested here by examining the functional synaptic connectivity between regenerated afferents and motoneurons.
The discrepancy in recovery of stretch-evoked versus electrically evoked synaptic potentials might also be explained by synaptic depression. Within days (Seburn and Cope 1998) and lasting for weeks after nerve injury (Mendell et al. 1995) , monosynaptic transmission at synapses with axotomized afferents or motoneurons shows progressively greater synaptic depression during high-frequency trains of electrical stimuli. This deficit in synaptic function may go undetected at low frequencies typically used to study electrically evoked EPSPs and H-reflexes (e.g., English et al. 2007; Goldring et al. 1980) but would be exposed when afferents fire at high frequencies, as they do during muscle stretch. Spindle afferents can achieve peak firing rates of Ͼ300 pps and average rates of 100 pps, depending on the parameters of muscle stretch (Matthews 1972) . If synaptic depression remains high after nerve regeneration, then eSSPs may express amplitude reduction disproportionately larger than the EPSPs produced by low-frequency electrical stimulation.
Results of the present studies showed that after nerve regeneration synaptic transmission at physiologically relevant rates returned to normal values, meaning that synaptic depression must not contribute to dysfunction in the monosynaptic reflex circuit. Interestingly, the electrically evoked EPSPs showed no greater depression than normal even in motoneurons that generated no eSSP, suggesting that normally functioning synapses can be retained on motoneurons from primary afferents that were not stretch activated and that were presumably therefore not connected to muscle receptors. The major deficit identified in these studies was a large reduction in the number of functional synaptic connections made between individual afferents possessing muscle spindle-like response properties and homonymous motoneurons following their regeneration and muscle reinnervation. We propose a model in which the decline in synaptic connectivity results from a combination of deficits in the reconnection of afferents in the periphery and centrally within the spinal cord. Thus we conclude that both peripheral and central loci contribute significantly in limiting recovery of normal reflexes and movement following nerve regeneration.
Preliminary data have been reported as conference summaries and abstracts (Alvarez et al. 2008 (Alvarez et al. , 2010 Bullinger and Cope 2009; Cope and Bullinger 2008) .
METHODS

Animal Groups
Data were collected from adult female Wistar rats (250 -425 g; Charles River Laboratories, Wilmington, MA) as approved by the Wright State University Animal Care and Use Committee. Rats were randomly placed in one of two treatment groups: control or regenerated. Those rats assigned to the regenerated group were deeply anesthetized (complete suppression of withdrawal reflex) with isoflurane (1-3% in 100% O 2 , by inhalation through nose cone) for treatment in a single survival surgery performed under sterile conditions. A midline skin incision in the popliteal fossa exposed the medial gastrocnemius (MG) and the lateral gastrocnemius and soleus (LGS) muscle nerves, which were completely severed by scissors, and the cut nerve ends were then immediately rejoined with 10-0 suture ties (MG to MG nerve and LGS to LGS nerve). After skin closure with suture ties, surgery was complete, anesthesia was discontinued, and the rat was monitored until recovering consciousness. Animals were given a subcutaneous injection of buprenorphine (0.1 mg/kg) every 12 h for 48 h to alleviate pain. Rats in the regenerated group were studied 6 -18 mo after nerve section and reunion; rats assigned to the control group were untreated.
Terminal Experiments
Anesthesia and vital signs. Rats were studied in single terminal recording sessions lasting up to 18 h. Deep anesthesia assessed by complete suppression of withdrawal reflex was induced by isoflurane (4 -5% in 100% O 2 , inhalation in induction chamber) and maintained by isoflurane (1-3% in 100% O 2 , inhalation through tracheal cannula). The animal's condition was monitored for respiratory rate (40 -60 breaths/min), end-tidal CO 2 (3-5%), oxygen saturation (Ͼ90%), heart rate (300 -500 beats/min), and core temperature (36 -38°C). These levels were variously maintained by adjusting isoflurane concentration, by adjusting radiant and water-pad heat sources, and by scheduled subcutaneous injection of Ringer-dextrose solution. In some cases adequate recording stability required administration of a paralytic drug (pancuronium bromide 0.2 mg/kg). After data collection, animals were euthanized by intraperitoneal overdose of Euthasol (150 mg/kg ip). In cases in which histological analyses were performed on the spinal cord tissues, rats received the same lethal injection of Euthasol and were subjected to perfusion fixation for morphological studies (Alvarez et al. 2011) .
Preparation for data collection. Standard operating procedures were used to prepare the spinal cord and the left hindlimb for electrophysiological stimulation and/or recording with the rat fixed in a rigid recording frame (Haftel et al. 2004 (Haftel et al. , 2005 Seburn and Cope 1998) . Exposure of tissues in the posterior compartment of the left hindlimb by skin incision gave access to the MG muscle nerve, which was carefully dissected free of other tissues and suspended in continuity on a monopolar silver hook electrode for electrical stimulation (at a site just rostral to the lesion site for rats in the regenerated group). In addition to its other uses, electrical stimulation of the MG nerve in all treated rats yielded robust and exclusive contraction of MG muscles, thereby verifying successful self-reinnervation of MG muscles. Other hindlimb nerves were crushed, including the tibial nerve just distal to the MG nerve, the common peroneal nerve, and the nerves supplying LGS, biceps femoris, semitendinosus, and semimembranosus muscles. The triceps surae muscles were freed of surrounding tissue, and their common tendon of insertion (Achilles tendon excluding the plantaris muscle tendon) was detached from the calcaneous and tied directly to the lever of a motor system (model 305B-LR, Aurora Scientific). Triceps surae muscles were not surgically separated from one another (e.g., the fused lateral and medial heads of gastrocnemius muscles were not separated), in order to avoid muscle damage that can reduce sensory feedback. The motor system was used both to stretch the triceps surae muscles with specified parameters (see below) and to record length and force at the lever. Dorsal exposure of the lumbosacral spinal cord (L4 -S1) by laminectomy and longitudinal incision of the dura mater provided access to 1) dorsal roots L4,5, which were carefully dissected free of surrounding tissue and suspended in continuity on bipolar silver hook electrodes for recording, and 2) MG motoneurons in L4,5 ventral horn via a dorsolateral penetration of the spinal cord. Skin flaps were used to construct pools for bathing all exposed tissues with warm mineral oil.
Data collection. Motoneurons were impaled by borosilicate glass microelectrodes (1.2-mm OD, 7-to 10-M⍀ DC resistance, 2 M K-acetate) advanced through the spinal cord with a micromanipulator system (Transvertex Microdrive). MG motoneurons were selected for study and identified by antidromic action potentials elicited by electrical stimulation of the MG peripheral nerve (current strength 2.5ϫ muscle contraction threshold, pulse duration 40 s). Only those motoneurons with stable membrane potential and with action potential amplitude Ͼ60 mV were deemed acceptable for further study. Failure to meet these criteria accounts for the incomplete data set obtained from some motoneurons. Motoneurons were injected with current through the micropipette in order to measure their intrinsic electrical properties (see Bichler et al. 2007b ): rheobase current (depolarizing pulses 50 ms in duration at the lowest strengths capable of initiating action potentials), afterhyperpolarization (AHP) (suprathreshold pulses 0.5 ms in duration), and input resistance (hyperpolarization produced by Ϫ1 and Ϫ3 nA current pulses 50 ms in duration). In addition, synaptic potentials were recorded as described next.
Synaptic potentials. Synaptic potentials were tested in response either to electrical stimulation of the MG nerve or to mechanical stretch of the triceps surae muscles.
ELECTRICALLY EVOKED EXCITATORY POSTSYNAPTIC POTEN-TIALS. The MG nerve was stimulated electrically (pulse duration 40 s) at strengths adjusted to just below threshold for antidromic action potentials in the impaled MG motoneuron. Two stimulus paradigms were applied. In one paradigm, EPSPs were electrically evoked at the low and constant frequency of 2 pps. In the other paradigm, EPSPs were evoked by electrical stimulation simulating the firing patterns of spindle afferents in response to ramp-hold-release stretches of the rat triceps surae muscles (Haftel et al. 2005 ) (cf. Table 3 ): each pulse train (shown in Fig. 5 ) consisted of a single pulse followed 25 ms later by repetitive stimulation that increased linearly over 125 ms from 0 Hz to 167 Hz and then adjusted abruptly down to a steady-state rate of 50 Hz before ending with four pulses at 24 Hz. Stimulus trains were repeated at 4-s intervals, and motoneuron potentials were averaged over 10 -15 stimulus trains.
STRETCH-EVOKED SYNAPTIC POTENTIALS. With passive tension set between 10 and 15 g, triceps surae muscles were stretched in two paradigms. For ramp-hold-release stretch, the muscles were lengthened by 3 mm at constant velocity (20 mm/s) over 150-ms rise, held at that length for 500 ms, and then released to resting length at constant velocity over 150 ms. For quick stretches simulating tendon taps, the muscles were lengthened by 1 mm at constant velocity (400 mm/s) in a 2.5-ms ramp followed immediately by a symmetrical 2.5-ms release to resting length. Each kind of stretch was repeated for 10 -15 trials at 4-s intervals. SPIKE-TRIGGERED AVERAGED EPSP. SSPs are at least partially mediated through the monosynaptic connections, presumably VGLUT1 boutons (Alvarez et al. 2011) , made by group IA afferents with motoneurons (Henneman and Mendell 1981; Nichols et al. 1999; Westbury 1972) . Thus we reasoned that if reduction of SSPs and VGLUT1 boutons following nerve regeneration are related, then we should find reduction in either the efficacy or the number of individual IA afferents transmitting synaptic excitation onto motoneurons. We tested this notion in a subset of rats from control (n ϭ 6) or regenerated (n ϭ 6) groups, using the STA technique (Mendell and Henneman 1971) . Briefly, intracellular records of membrane potential were obtained (see above) from MG motoneurons simultaneously with records of action potentials recorded from individual primary afferents selected as described below. Action potentials from single afferents were recorded either intra-axonally by penetrating dorsal roots with glass micropipettes (1.2-mm OD, 20-to 30-M⍀ DC resistance, 2 M K-acetate) or extracellularly from fine filaments dissected from dorsal roots and placed in continuity on bipolar electrodes. In some cases, the micropipette solution contained 10% neurobiotin used to fill afferents for the anatomical study described in the companion paper (Alvarez et al. 2011) . Repetitive afferent firing, usually ϳ25 pps, was induced by stretching the MG muscle to fixed lengths. Each occurrence of an afferent action potential or spike was used to trigger the computer to extract concomitant short segments (10 ms) of motoneuron membrane potential, which were averaged over many triggers (200 -2,000) . The STA EPSPs obtained in this way were resolvable down to 12 V in amplitude. The presence or absence of STA EPSPs enabled assessment of the functional synaptic linkage, i.e., connectivity, of a single afferent with homonymous motoneurons.
Reliable selection of afferents with IA-like behavior was critical to our use of STA in assessing functional synaptic linkages and comparing them between normal and regenerated groups. In normal animals, functional connectivity with motoneurons varies significantly among different types of proprioceptors (e.g., Henneman and Mendell 1981; Munson et al. 1980; Stauffer et al. 1976; Watt et al. 1976) , and after nerve regeneration the identity of some afferents is confounded by incomplete recovery of normal response properties (Banks and Barker 1991; Zelená 1994) . To enhance confidence in afferent selection, several properties were used to differentiate afferents that behaved like normal IAs. Before describing the selection criteria, we point out that the term "IA" is used as a shorthand equivalence for spindle primary endings that are separable from spindle secondary endings based on firing responses to muscle stretch but not readily by axon conduction velocity in the rat (De-Doncker et al. 2003; Hnik and Lessler 1973; Lewin and McMahon 1991) . Regenerated afferents selected for STA were designated with an asterisk (*IA) to indicate that their response properties, presumably acquired at least in part through the receptors they reinnervate, do not prove preinjury identity (Banks and Barker 1991; Zelená 1994) . Identification based on response properties is nonetheless valuable, because the probability that an afferent exhibiting IA behavior was IA before injury has been estimated by Collins et al. (1986) and is used for interpretation of results (see DISCUSSION) .
Afferents selected for STA met all of the following criteria in firing responses measured either extracellularly or intracellularly as described above. First, all fired readily in response to muscle stretch and were classified as large-diameter proprioceptors based on brief conduction delays (Յ2.2 ms) for orthodromic action potentials activated by electrical stimulation of the MG nerve and recorded in dorsal root L5 ( Fig. 1A ). Since 80 mm was the minimum conduction distance, the estimated minimum conduction velocity was 36 m/s, which identifies the afferents as group I, or possibly fast conducting group II, in the rat (cf. De-Doncker et al. 2003; Lewin and McMahon 1991) . Second, spindle afferents were selected and distinguished from tendon-organ afferents by firing that paused or decreased during isometric twitches of the MG muscle ( Fig. 1A ) and exhibited history dependence (see Haftel et al. 2004 ) as a reduction in firing (reduced dynamic response) occurring throughout the rising phase of the first versus successive triangular muscle stretches (each 3 mm in amplitude, 750 ms in stretch and in release duration) ( Fig. 1B) . Third, presumptive IA afferents were selected when entrained to fire during low-amplitude (0.08 mm) muscle vibration at frequencies Ն100 cps, which activates IA afferents but is well below the threshold for spindle group II afferents in normal rats (De-Doncker et al. 2003) . All selected afferents fired one action potential per sinusoidal cycle at frequencies Ն100 cps (Fig.  1C ). Finally, the MG muscle was stretched with ramp-hold-release stretches described above for measuring SSPs. The resultant afferent firing ( Fig. 1D ) was characterized by several parameters: 1) the length threshold and time of occurrence of the first spike; 2) the occurrence of an initial burst of high-frequency firing near stretch onset; 3) the number of spikes and the linear regression of increasing instantaneous firing rate versus muscle length during the ramp phase of stretch; 4) the firing rate at the peak of ramp stretch; 5) the number of spikes, the firing rate at 0.5 s, and the linear regression of decreasing instantaneous firing rate versus time during the hold phase of stretch; 6) the dynamic index measured as the difference in firing rate at ramp peak and at 0.5 s into the hold phase; and 7) the cessation of firing on release from the hold phase of muscle stretch. Afferents were designated IA in distinction from group II when they exhibited properties 2 and 7 together with firing entrainment during muscle vibration and brief conduction delay (De-Doncker et al. 2003; Matthews 1972 ). Remaining firing properties tested the extent of recovery of regenerated *IA afferents (see Table 3 ).
Records of motoneuron and afferent membrane potential, electrode current, muscle length, and muscle force were collected, digitized (20 kHz for all records except 1 kHz for muscle length), stored, and analyzed with CED (Cambridge Electronic Design) Power 1401 and Spike2 software.
Statistical Analysis
Statistical comparisons of control versus regenerated groups were made for various neural properties with nested analysis of variance (ANOVA) and Tukey's honestly significant difference (HSD) post hoc tests (SYSTAT, Systat Software, Point Richmond, CA). For all statistical tests, the level of significance was set at P Ͻ 0.05. Values are reported as means Ϯ SE.
RESULTS
Poor Recovery of Stretch-Evoked Synaptic Potentials
eSSPs were observed in all control MG motoneurons in response to homonymous muscle stretch ( Fig. 2A) . The eSSPs were characterized by three distinct phases in membrane potential related to the different phases of ramp-hold-release muscle stretch. Near the beginning of the stretch there was often a sharp, transient depolarization, followed by depolarization at the peak of the ramp that was, apart from the initial component, the greatest depolarization observed throughout stretch. After this peak, there is a slow decay in depolarization until a relative steady state is achieved throughout the rest of the hold phase. These three eSSP components, initial, dynamic, and static, characterize the depolarizing profile typical for control rats, and they are of particular interest because they correspond closely to the changes in spindle afferent firing rate and pattern that encode ramp-hold-release stretch (cf. Fig. 1D ). The close similarity in shapes of the eSSPs and afferent firing profiles evoked by muscle stretch implies that eSSPs are produced predominantly through synapses made by spindle afferents with motoneurons. We suggest, therefore, that eSSP properties reflect the net functional consequence of sensory encoding, central conduction, and monosynaptic transmission by sensory afferents in the stretch circuit.
The synaptic responses of motoneurons to muscle stretch were quantitatively, and in some cases qualitatively, abnormal in rats after nerve regeneration of the MG nerve into its original muscle. In contrast with detection of an eSSP in every motoneuron from the control group, eSSPs were found in only 61% of motoneurons in the regenerated group and all components averaged less than half of the normal amplitudes (Table 1) . Not all eSSPs exhibited an initial component, and the percentage with the initial component in the regenerated group (40%) was significantly lower than normal (80%; see Table  1 ). Approximately 39% of motoneurons produced no eSSPs ( Fig. 2D , e.g., Fig. 2A, regenerated MN2 ). The majority (12/16) gave no convincing evidence of a deflection in membrane potential at any point during the stretch stimulus. The remaining few (4/16) produced inhibitory (i)SSPs ranging in onset latency from 5 to 16 ms and in amplitude from 0.10 to 0.56 mV. Figure 2B illustrates the overall size reduction of eSSPs as an obvious leftward shift of the dynamic component eSSPs. The reduction and loss of eSSPs confirms and extends the findings made in decerebrate preparations by this laboratory (Haftel et al. 2005) .
The relatively slow, prolonged ramp phase of the ramp-holdrelease stretch paradigm may temporally disperse firing and synaptic transmission among IA afferents (Matthews 1972) . This effect might have obscured detection of weaker excitatory transmission from the population of regenerated afferents. In attempt to enhance detection of eSSPs, we applied quick (Haftel et al. 2004) . C: afferent action potential firing (bottom trace) entrained at 100 Hz (middle trace) by MG muscle vibration (top trace, 80-m-amplitude oscillation in muscle length 100 ms in duration). D: afferent action potentials (bottom trace) firing in response to ramp-hold-release stretch of MG muscle (top trace muscle length, 3-mm amplitude, 150 ms each for ramp stretch and release, and 0.5-ms hold phase). Afferent IFR (middle trace) with ramp onset (note initial burst firing) and peak and hold phase delineated by upward arrows. muscle stretches (see METHODS) that effectively synchronize IA afferents by activating all of them at high frequency over a temporally constrained period of time (Lundberg and Winsbury 1960; Matthews 1972; Stuart et al. 1970) . Activation of IA afferents by quick stretch should have been more comparable to electrical stimulation, which generated EPSPs in every motoneuron in the regenerated group. The synaptic responses produced by quick stretch are illustrated in Fig. 2C . The average latencies from stretch onset occurred within 1 ms of that for electrical EPSPs (see below) and were not significantly different between control and regenerated groups (2.7 Ϯ 0.1 ms vs. 3.0 Ϯ 0.2 ms). Quick stretches generated eSSPs in all control motoneurons but failed to produce eSSPs in a proportion of motoneurons (6/16) in the regenerated group (Fig. 2C ), the percentage of which (37%) was nearly identical to that observed with the slower and more prolonged ramp-holdrelease stretch (Fig. 2D ). Thus we discounted asynchronous firing of regenerated *IA afferents as the basis for the complete loss of eSSPs in a fraction of motoneurons.
In 5 of 10 rats with regenerated nerves and in which multiple motoneurons were sampled, we found both responsive and unresponsive motoneurons coexisting in the same pool of MG motoneurons. The presence of an eSSP in at least one motoneuron per rat (see Figs. 2 and 5) demonstrated that nerve Fig. 2 . Nerve regeneration failed to restore normal stretch-evoked synaptic potentials (SSPs): intracellular records collected from MG motoneurons and averaged over multiple trials (10 -15) of stretch applied to the MG muscle in anesthetized rats. A: synaptic responses to ramp-hold-release muscle stretch (bottom trace muscle length; 3-mm amplitude, 0.5-s duration) for 1 motoneuron in a control rat and 2 motoneurons (MN1 and MN2) in a rat 13 mo after the MG nerve was cut and surgically rejoined. All control and some regenerated motoneurons (MN1) showed an excitatory SSP (eSSP) consisting of (see arrows in top trace) an initial (i) rapid depolarization, followed by a dynamic (d) response that peaked at the end of the ramp, followed by static (s) depolarization lasting until the end of the hold phase. Many regenerated motoneurons (MN2) failed to show any synaptic response. Responsive (MN1) and unresponsive (MN2) motoneurons could be sampled for the same motor pool in a single regenerated animal. B: cumulative probability plot of SSP amplitudes measured at the peak of the ramp stretch from individual motoneurons pooled for control and regenerated groups. The distribution of SSP amplitudes is left-shifted in regenerated motoneurons compared with controls with 39% of the sample producing no eSSP (12 ϭ 0 mV and 4 Ͻ 0 mV). C: synaptic responses to quick stretch of MG muscle (bottom trace muscle length, 1-mm amplitude, 5-ms duration) were also reduced in amplitude (MN1) or absent (MN2). D: the fraction of motoneurons producing excitatory SSPs in control or regenerated groups was similar whether tested with ramphold-release stretch or quick stretch. Values are reported as means Ϯ SE and calculated from number (n) of observations identified in each column. Values are properties for pooled samples (n ϭ number) of medial gastrocnemius (MG) motoneurons from control (Cont) and regenerated (Regen) groups. Properties include the amplitude of the initial response (measured but not observed in all motoneurons) and dynamic and static phases of excitatory stretch-evoked synaptic potentials (eSSPs). Percentages of samples (%) reported for eSSPs and for motoneurons exhibiting neither eSSP nor inhibitory stretch-evoked synaptic potential (iSSP) (No eSSP) are shown. Motoneuron electrical properties (not measured in all cases) include input resistance (R in ), rheobase current (I rh ),and after hyperpolarization (AHP) 1/2 decay time and amplitude (amp). regeneration restored stretch encoding and central transmission to some fraction of afferents. Thus we hypothesized that complete synaptic failure in a large fraction of motoneurons was caused by central alterations elicited by peripheral nerve injury. The remainder of this study was devoted to testing this hypothesis and possible central mechanisms that limit recovery of eSSPs.
Intrinsic Properties of Motoneurons Were Independent of Their Response to Muscle Stretch
The possibility that the decrease in eSSPs was related to incomplete recovery of motoneuron properties was tested by measuring motoneuron input resistance, a postsynaptic determinant of synaptic potential amplitude (Burke 1987) . Data presented in Table 1 indicate no significant difference in input resistance between motoneurons in control versus regenerated groups. Neither was there a significant difference in other readily measurable properties used to characterize motoneurons (Kernell 2006 ), including rheobase current and features (decay time and amplitude) of the AHP that follows the motoneuron action potential. The similarity in means (Table 1) and distributions (Fig. 3) of motoneuron properties reduces the possibility that a bias in motoneuron samples was the basis for group differences in eSSPs. These findings also corroborate earlier reports that these postsynaptic properties are restored to motoneurons that successfully reinnervate muscle fibers in cat (Foehring et al. 1986; Kuno et al. 1974 ) and in rat (Bichler et al. 2007a; Haftel et al. 2005) .
None of these motoneuron properties was predictive that a motoneuron in the regenerated group would fail to respond with an eSSP to muscle stretch. Figure 3 shows that the postsynaptic properties of motoneurons that produced no SSP were scattered throughout the distribution of those that produced eSSPs. In addition, the failure to produce an eSSP was not attributable to the failure of the motoneuron to reinnervate skeletal muscle fibers; every motoneuron elicited motor unit twitches (unless the rat was paralyzed as needed for stable recording) when injected intracellularly with suprathreshold depolarizing current, including those that produced an eSSP and those that did not (16/16).
Frequency Dependence of Synaptic Transmission in the Regenerated Stretch Reflex Circuit
Another possible explanation for diminished eSSPs could be enhanced depression of synaptic transmission at the firing frequencies typical of spindle afferents during muscle stretch. We found that many synaptic boutons of regenerated primary afferents were smaller than normal (Alvarez et al. 2011) , perhaps suggesting impaired capability to sustain high-frequency synaptic transmission (see also introduction). The ca- Fig. 3 . Motoneurons recover normal electrical properties whether or not they produce eSSPs after nerve regeneration. Cumulative probability plots for 4 parameters (A-D) from MG motoneurons pooled from control and regenerated groups. Distributions for control vs. regenerated were not significantly different for any parameter (P Ͼ 0.5, Student's t-test), and values for motoneurons that failed to produce an eSSP scattered throughout distributions. pacity of monosynaptic EPSPs to sustain depolarization during physiologically relevant frequencies was tested by electrical stimuli that mimicked the patterns and rates observed in spindle afferent firing during ramp-hold-release muscle stretch (see Fig. 4, insets) . Stimulus strength was adjusted to levels that were subthreshold for activating motoneuron action potentials in the homonymous circuit, so the resultant EPSPs did not necessarily achieve the maximum amplitude (cf. Haftel et al. 2005) . For samples from control and regenerated groups, respectively, there were no significant differences (P Ͼ 0.05) in either peak amplitude (1.2 Ϯ 0.1 mV vs. 1.4 Ϯ 0.2 mV) or time to peak (0.9 Ϯ 0.05 ms vs. 0.9 Ϯ 0.1 ms) for EPSPs elicited with low-frequency electrical stimulation at the adjusted stimulus strengths. The EPSP onset latencies were typical for monosynaptic transmission between motoneurons and group I primary afferents and were not significantly different (P Ͼ 0.05) between control and regenerated groups, respectively (2.1 Ϯ 0.03 ms vs. 2.1 Ϯ 0.07 ms).
All motoneurons sampled (n ϭ 50 and n ϭ 21 in control and regenerated groups, respectively) generated trains of EPSPs in response to electrical stimulation of the homonymous nerve at physiological frequencies. The amplitudes of EPSPs measured at points during the stimulus train corresponding to the dynamic and static depolarization of eSSPs (see Fig. 2 ) were compared against the amplitude of the EPSP occurring near the beginning of the stimulus train (the second EPSP rather than the first, to avoid effects of potentiation) (Davis et al. 1985) . Figure 4 illustrates that EPSPs, regardless of treatment group, exhibited little amplitude modulation during the train. There was a slight tendency toward potentiation in the control group at maximum stimulation frequency (Fig. 4, A and C) but no apparent change in EPSP amplitude during static stimulation frequency at the end of the train (Fig. 4, B and D) . Differences between groups were slight and not statistically significant (Fig. 4, C and D) . The results demonstrate that regenerated group I-motoneuron circuits are competent to sustain axonal Fig. 4 . Monosynaptic transmission sustained during physiologically relevant patterns and rates of electrical stimulation. Relationships between peak amplitudes of initial EPSP in train vs. EPSP (A, C) at maximum stimulus frequency (inset in A) or vs. EPSP (B, D) at end of steady-state firing (inset in B) for control (n ϭ 50) and regenerated (n ϭ 21) motoneurons. These measures show little deviation from the initial EPSP: points distribute evenly about the line of identity in A and B, and ratios with EPSPs at maximum and steady-state firing rates approximate 1 (dashed line) in C and D. Independent pooled t-test revealed no significant differences (P Ͼ 0.5) between treatment and control groups. conduction and synaptic transmission at physiological frequencies (cf. Mendell et al. 1995) . The slight depression seen in frequency modulation at the maximum stimulus frequency was not sufficient to account either for the ϳ½ reduction in eSSP size or the absence of SSPs in ϳ40% of motoneurons (see above).
Among the motoneurons tested for high-frequency synaptic depression in the regenerated group were ones that failed to produce eSSPs in response to stretch. Figure 5 illustrates that motoneurons that generated no eSSP were nonetheless competent to respond monosynaptically to electrical stimuli, whether at low or high frequency, as were all other motoneurons tested in control and regenerated groups. Monosynaptic depression was not, therefore, greater in motoneurons that failed to respond synaptically to muscle stretch.
For eSSPs produced by ramp-hold-release muscle stretch, the amplitudes of initial, dynamic, and static phases were similarly related from one motoneuron to the next in both control and regenerated groups (Fig. 6 ). Correlation coefficients for linear regressions were significant for pairwise comparisons among the three phases (Fig. 6 , A-C, respectively; r values all significant at P Ͻ 0.05). Moreover, the relationships among eSSP parameters were not significantly different between groups (ANCOVA P Ͼ 0.05 for slopes and elevations). These findings are consistent with the view that the regenerated stretch reflex circuit can sustain conduction and transmission at physiological rates throughout stretch as in normal animals.
Functional Disconnection Between Single *IA Afferents and Motoneurons After Nerve Regeneration
Findings presented above demonstrate that the reduction or loss of eSSPs observed after peripheral nerve regeneration was not explained by changes in motoneuron electrical properties or by difficulty of synapses to transmit at physiological frequencies. Some other explanation was required, and the companion report promoted the unexpected possibility that eSSPs were diminished by the significant and sustained disassembly of synapses made by muscle spindle afferents with motoneurons (Alvarez et al. 2011) . To assess the functional impact of partial synaptic disconnection, we applied the STA technique (see METHODS) to directly examine the capacity of individual afferents that responded to muscle stretch like IA afferents, i.e., *IAs, to produce STA EPSPs in motoneurons after nerve regeneration.
Guided by data available from the cat, we expected that in normal rats STA EPSPs would be produced in nearly every homonymous motoneuron by every IA afferent (e.g., Scott and Mendell 1976; Watt et al. 1976; review in Henneman and Mendell 1981) . Afferents selected for study were labeled IA (*IA in the regenerated group) based on their unique firing responses to muscle stretch, specifically 1) perfect entrainment of firing with muscle vibration at Ͼ100 Hz, 2) initial burst firing at the onset of muscle stretch, and 3) cessation of firing on release from static stretch (see METHODS, Fig. 1 ). In normal rats, the sample of individual afferents classified as IA (n ϭ 8) produced STA EPSPs (e.g., Fig. 7A ) in almost every homonymous MG motoneuron tested here ( Table 2 ). The range in onset latency (0.5-1.2 ms) from the occurrence of action potentials recorded near the afferent's spinal cord entry site (Fig. 7E ) corresponded closely with monosynaptic latencies reported for cat . Average values for baseto-peak amplitude (Fig. 7C ) and rise time (Fig. 7D ) were 71.9 Ϯ 73.6 V and 0.93 Ϯ 0.47 ms, respectively. All of these properties for STA EPSPs generated by single IA afferents in motoneurons were remarkably similar to those so well documented in normal cats (Fleshman et al. 1981; Harrison and Taylor 1981; Henneman and Mendell 1981; Mendell and Henneman 1971; Scott and Mendell 1976; Watt et al. 1976 ), the only species in which STA EPSPs had been characterized up to now.
In the regenerated group of rats, STA EPSPs were tested with afferents classified exactly as described above for control Fig. 5 . Synaptic responses to electrical and mechanical stimuli (top traces) compared in selected motoneurons from rats in control and regenerated groups. Columns align responses obtained during MG-nerve electrical stimulation at low frequency (1 pps) (A) and simulated physiological frequencies (see METHODS) (B) and during MG ramp-hold-release muscle stretch (length, 3 mm amplitude, 150 ms each for ramp stretch and release, and 0.5 ms hold phase) (C). Each of the 3 motoneurons (1 from control rat, MN 1 and MN2 from a single rat 382 days after nerve cut and surgical reunion) responds to electrical stimulation at low or physiological rates, but eSSPs were reduced (MN2) or missing (MN1) in the regenerated motoneuron compared with the normal control.
rats. Group comparisons of multiple additional properties (Table 3) revealed that the regenerated afferents selected for use in STA were statistically indistinguishable from the control MG afferents (P Ͼ 0.05, nested ANOVA with Tukey post hoc test). For all properties in Table 3 , the ranges of values observed in the regenerated group were contained within the ranges for control rats. These afferents were given the special designation *IA to indicate that their preinjury identity was uncertain, although their sensory response properties were indistinguishable from normal IA afferents and equivalent to those that exhibited full connectivity with all homonymous motoneurons in normal rats.
In striking contrast with control, the sample of regenerated *IA afferents (n ϭ 7) produced STA EPSPs in very few motoneurons (3/18, i.e., 17%; Table 2 ). This large reduction in functional connectivity is consistent with reduction or loss of eSSPs and the notion that spindle afferents are functionally disconnected centrally (see DISCUSSION) . All three STA EPSPs sampled from the regenerated group are shown in Fig. 7B , and their parameters are identified in Fig. 7 , C-E. Amplitudes and rise times for these three STA EPSPs were within normal ranges. The onset latencies were unusually long for two of the STA EPSPs (Fig. 7, B and E) but still close to the approximated maximum monosynaptic delay of 1.5 ms ) and possibly explained by the increased electrotonic distance caused by the loss of proximal VGLUT1 synapses (Alvarez et al. 2011 ) and/or by decreased conduction velocity in the central projections of peripherally regenerated afferents.
DISCUSSION
Our objective was to examine mechanisms within the spinal cord that limit the capacity of peripheral nerve regeneration to restore excitation of motoneurons by muscle stretch. Motoneurons might lose the monosynaptic excitation elicited by muscle stretch when IA afferents fail to regain their connection either with receptors peripherally or with motoneurons centrally. It is amply documented that severed muscle afferents can reinnervate targets that are inappropriate (Brushart 2011), and as a result, muscle spindle receptors may be reinnervated by non-IA afferents that do not transmit monosynaptic excitation to motoneurons. This possibility might account for the failure of some of the afferents exhibiting IA-like response properties to produce STA EPSPs or to project into LIX (Alvarez et al. 2011) . Our findings are also consistent with an additional mechanism, by which those IA afferents that succeed in reconnecting with spindle receptors lose and fail to regain monosynaptic connections with motoneurons. A role for this mechanism is directly supported by our observation that a sensory signal generated by whole muscle stretch was transmitted monosynaptically to some but not all motoneurons as it is normally. We found physiological evidence that the majority of regenerated primary afferents that fired like IA afferents in response to muscle stretch failed to transmit synaptic excitation onto motoneurons. Transmission failure could not be explained by greater susceptibility to high-frequency synaptic depression but was instead the apparent functional consequence of the major structural disruption in the synaptic connections between spindle afferents and motoneurons shown in the companion report (Alvarez et al. 2011 ). In the discussion that follows we propose a model that incorporates incomplete reconnection of regenerated spindle afferents both centrally with motoneurons and peripherally with muscle receptors in a way that is adequate to explain the limited capacity of nerve regeneration to restore the stretch reflex and also, perhaps, normal movement. Fig. 6 . Different phases of SSPs were similarly related to each other in controls and regenerated groups. A-C: All 3 permutations of 2-dimensional plots among initial, dynamic, and static phases of eSSP exhibited linear regressions (r) that were not significantly different between control and regenerated groups (P Ͼ 0.05, ANCOVA).
Synaptic Loss Limits Recovery
The present findings confirmed and expanded our earlier observation (Haftel et al. 2005 ) that synaptic excitation evoked by whole muscle stretch is transmitted by regenerated afferents to some but not all regenerated homonymous motoneurons. Lost stretch transmission in a fraction of the motor pool might have been explained if individual IA afferents normally synapse with restricted subsets of homonymous motoneurons. In that case, failure of particular IA afferents to recover from axon injury would deprive only a subset of motoneurons of eSSPs. This possibility is rejected by the present demonstration in normal rats that individual IA afferents produce STA EPSPs in virtually all homonymous motoneurons. Therefore, the abnormal failure of some, but not all, motoneurons to respond synaptically to muscle stretch after nerve regeneration necessarily expresses some interference with the central transmission from *IA afferents. It remains uncertain whether interference of the stretch reflex circuit involves suppression by extrinsic spinal circuits as we proposed in our earlier study (Haftel et al. 2005) . Some insight can be gained by comparing the results between our two studies, which were obtained under different levels of spinal cord excitability. The anesthesia used during measurement of synaptic potentials in the present study was isoflurane, which reduces activity of neurons, and therefore circuits throughout the spinal cord (Kim et al. 2007; Sonner et al. 2003) . In contrast, rats were decerebrated in our previous study (Haftel et al. 2005) , and this condition facilitates transmission in both excitatory and inhibitory segmental reflex pathways (see Nichols et al. 1999) . Despite these differences in general spinal cord excitability, the proportion of motoneurons producing no eSSPs after regeneration was not significantly different between the two experimental preparations [13/22 in decerebrate rats (Haftel et al. 2005) , 16/41 in isoflurane-anesthetized rats (present study, Table 1 ); Fisher's exact two tailed P ϭ 0.185]. The stable expression of reduced eSSPs in different states of spinal cord activity, together with the persistent loss of VGLUT1 synapses demonstrated in the companion report (Alvarez et al. 2011) , suggests that disruption of transmission occurs at least in part within the monosynaptic circuit.
If synaptic detachment was the cause of eSSP deletion from some motoneurons, then it should result in an obvious decline in the functional synaptic connectivity of individual IA afferents with motoneurons. We estimate that the number of IA afferents, i.e., primary-ending afferents (see METHODS), in rat hindlimb muscles equals the number of spindle receptors (20) found in the MG muscle of normal Wistar rats (Haftel et al. 2005; Sekiya et al. 1986 ), although the IA afferent-to-spindle receptor ratio may be greater in rodents (Banks et al. 2009 ). Among the single *IA afferent-motoneuron pairs sampled from control rats in the present study 93% produced STA-EPSPs, so we estimate that each one of 20 IA afferents transmits synaptic excitation to nearly every one of about 100 ␣-motoneurons in the MG motor pool (Hashizume et al. 1988; Vanden Noven et al. 1993) . After nerve transection and regeneration, we observed STA EPSPs in only 17% of *IA afferent-motoneuron pairs ( Table 2 ). This reduction in functional connectivity differs from the only other study of STA EPSPs produced by regenerated *IA afferents. Mendell and Scott (1975) reported that synaptic connectivity with motoneurons was virtually the same as normal for stretch-sensitive, putative IA afferents reinnervating muscle in the cat. Apart from species, an interesting difference between these two studies is that in the study by Mendell and Scott (1975) nerves were cut and rejoined in neonatal cats, suggesting possible age dependence of the capacity for restoring central synaptic connections. If age was the important difference between these studies, then it would suggest the existence of a critical period after which the LIX projections of IA afferents fail to display any significant capacity to reconnect with motoneurons.
In the discussion that follows, we propose a model to explain the loss of functional connectivity that persists long after nerve injury and peripheral regeneration in adult rats. The model is based on estimates of the relative contributions of factors influencing our data sample (see Fig. 8 ). In particular, we consider the probability that afferents that exhibit IA-like firing responses project into LIX. Next, we examine the probability that individual homonymous motoneurons produce EPSPs in response to muscle stretch. Finally, we calculate the joint probability that an afferent exhibiting IA-like firing responses to muscle stretch produces an EPSP in any given motoneuron, and we compare this prediction against observation, in order to assess the validity of the model.
Probability that Individual IA-Like Afferents Project to LIX
This probability is directly obtainable from our companion report (Alvarez et al. 2011) in which images of intraspinal axonal projections were taken from single afferents characterized physiologically as *IA and filled with neurobiotin. Axon collaterals were seen in LIX for all six IA afferents sampled from control rats but for only one of five (20%) *IA afferents from rats with regenerated nerves. These findings are useful for the present discussion, but the absolute number of LIX-projecting *IA afferents should be considered provisional because sample sizes were small and the presence of collateral branches in LIX was not determined from complete reconstructions of filled afferents. An additional estimate of afferents from the same muscle (MG) and after the same surgical reunion of the cut MG nerve was reported for cats in a study that confirmed axonal projections from regenerated afferents into LIX by recording electrophysiologically their field potentials in the homonymous motor pools (Collins et al. 1986 ). After nerve regeneration, the percentage of *IA afferents that projected into homonymous motor pools, i.e., into LIX, was 40% of normal. From these data, we estimate a range in probability from 0.2 to 0.4 that individuals in a random sample of *IA afferents project to LIX (see Fig. 8B, b) . Assuming that we 
Individual MG *IA afferents sampled per rat [8 *IA afferents from 6 rats with untreated MG nerves (Control); 7 *IA afferents from 6 rats with regenerated MG nerves (Regen)]. Individual rats and their *IA afferents are numbered (I.D.). More than one *IA afferent was tested separately for one rat in each group (3 afferents for Control rat 5; 2 afferents for Regen rat 1). *IA connectivity is presented as the fraction of motoneurons (MNs) that responded with a detectable excitatory postsynaptic potential (EPSP) produced by spiketriggered averaging (STA) of spikes from the individual *IA afferents. *IA connectivity per group was computed and listed as the sum total fraction and percentage of *IA-MN pairings that exhibited positive STA EPSPs. started with a population of 20 IA afferents, this implies that only 4 -8 will project to LIX. Several alternative explanations can be proposed for the decline in *IA axonal projections into LIX, but their relative importance is unclear at present. Some contribution is likely made by the commonly recognized nonspecific reinnervation in the periphery (reviewed in Brushart 2011). Proprioceptive afferents that do not possess axon collaterals in LIX, e.g., IB afferents, can innervate spindles (Banks and Barker 1989; Brushart 2011; Collins et al. 1986 ) and acquire *IA firing response properties (Fig. 8B, d) . Even severed proprioceptive muscle afferents not connected to any muscle receptor can develop mechanosensitive firing (Johnson and Munson 1991; Proske et al. 1995) . Thus the proportion of our sample of *IA afferents that projected to LIX before injury might have been reduced by the afferents' failure to make appropriate receptor connections in the periphery. As an additional mechanism, we propose that *IA afferents retract collaterals from LIX centrally despite reconnecting with spindle receptors in the periphery (Fig. 8B, c) . This mechanism is suggested by fewer than expected LIX projections in the population of regenerated proprioceptive afferents studied by Collins et al. (1986) and agrees with the large reduction of VGLUT1 synapses in LIX shown in our companion paper (Alvarez et al. 2011) . Thus retraction of central axons appears qualitatively as consistent with existing evidence, as is the possibility of spindle receptor innervation by inappropriate sensory axons lacking projections to LIX. Definitive conclusions about the fate of peripheral and central axonal projections of specific afferent types will require methods for certifying the afferent's preinjury identity.
Probability That *IA-LIX Afferents Produce an EPSP in Any Given Motoneuron
The occurrence of a stretch-evoked eSSP in at least one homonymous motoneuron in every rat following nerve regeneration indicated some degree of transmission from stretchactivated afferents. We propose that the eSSPs are transmitted by those afferents that respond to muscle stretch with IA-like firing and that project to LIX, i.e., *IA-LIX afferents. The absence of eSSPs in 40% of motoneurons suggests that individual *IA-LIX afferents do not make functional connections with every motoneuron as they do normally, i.e., *IA-LIX projection frequency is reduced. We can estimate *IA-LIX afferent projection frequency with binomial probability, assuming that the afferents act independently of one another in losing or maintaining/retaining synapses with motoneurons. We also assume that detection of an eSSP required transmission from three or more IA afferents, each one producing the normal average of 70 V (see RESULTS) to total ϳ200 V, which was the approximate minimum amplitude resolvable in averages over the 10 -15 muscle stretch trials used in our study. On the basis of these assumptions, the projection frequency for each one of the four to eight *IA-LIX afferents (see above) would need to average ϳ40% (if 8 afferents) or 70% (if 4 afferents) in order to produce a detectable eSSP in 60% of Fig. 8 . Diagrammatic representation of peripheral and central connections made by proprioceptive afferents before nerve cut (normal) and after muscle reinnervation. In A and B the population of muscle spindle and tendon-organ receptors in the MG muscle are modeled, respectively, by 1 coiled and 1 clustered structure contained within the muscle, with 4 sensory neurons variously connecting to the receptors and projecting from the muscle to the spinal cord in which all ␣-motoneurons (MNs) supplying the same muscle (motor axons not shown) are represented by 3 cells with soma and proximal dendrites located within and distal dendrites extending outside lamina IX (LIX) in the spinal cord. Intramuscular and intraspinal connections are shown for 3 group IA (a, b, c) and 1 group IB (d) afferent before (A) and after (B) reinnervation. In the normal rat (A), the probability that any one IA axon projects into LIX ranges between 0.9 (Collins et al. 1986 ) and 1.0 (Alvarez et al. 2011) , and the probability that each one will synapse (open circles) with any one MN is ϳ0.9 (Henneman and Mendell 1981) . The product of these probabilities, i.e., the joint probability that afferent b projects to LIX and transmits synaptically with a MN, ranges from 0.8 to 0.9. Arrows on afferents a and c point to their widespread connections with MNs; the IB afferent d connected with the tendon organ does not project into LIX or connect with MNs. After nerve cut and regeneration (B), many IA synapses (VGLUT1) are lost in LIX on MN soma (ϳ85% loss) and proximal dendrites (ϳ50% loss). Afferent a fails to reconnect with a muscle spindle and does not respond to muscle stretch but maintains functional synapses that can be activated by electrical stimulation to produce EPSPs in all MNs, including the leftmost MN, which has lost input from all stretch-activated afferents. Afferents b, c, and d reinnervate the spindle receptor and are designated *IA because they exhibit IA-like firing in response to muscle stretch. Afferent b represents the independent probabilities (see text) that 1) an individual *IA sends a projection into LIX (P ϭ 0.2-0.4) and 2) that an *IA that does project to LIX transmits excitation (P ϭ 0.4 -0.7). The joint probability that afferent b projects to LIX and transmits synaptically with a MN ranges from 0.08 to 0.28. Afferents c and d represent *IAs that do not project to LIX, which might occur because an original IA afferent c retracts its projection into LIX (double arrowhead) and loses connection with MNs or because an original IB afferent d, which has no monosynaptic connections with MNs, inappropriately reinnervates a muscle spindle receptor.
motoneurons. These estimates are significantly less than the value for functional connectivity measured here from normal rats (93%), and the decline agrees with the substantial and permanent losses of VGLUT1 synaptic boutons observed on motoneuron soma and proximal dendrites.
Probability That an Individual IA Afferent Makes Functional Monosynaptic Connections with Any One Homonymous Motoneuron
The joint probability that a regenerated afferent with IA-like response properties projected to LIX (est. P ϭ 0.2-0.4) and transmitted excitation monosynaptically to any given motoneuron in the pool (P Ϸ 0.4 -0.7) is the product of these probabilities, which ranges from 0.08 to 0.28. This prediction is a close match to what we observed in rats after nerve regeneration: the proportion of functionally connected *IA-motoneuron pairs ranged from 0.05 to 0.17, i.e., 1/18 to 3/18 (see Table 2 ) depending on whether the two long-latency STA EPSPs (Fig.  7) are excluded on the basis of being generated on motoneuron dendrites outside LIX or through polysynaptic connections. Although their precision is uncertain, the estimated values were in good agreement with the observed probability that an afferent with IA-like response properties produced a STA EPSP in any given motoneuron. This agreement provides indirect support for the importance of the factors included in the estimation, including not only nonspecific reinnervation of spindle receptors but also retraction of synapses from motoneurons by those IA afferents that succeed in reinnervating spindle receptors.
The fraction of regenerated *IA afferents that recover or retain functional synapses with motoneurons, Ͻ20%, was too small to explain our observation that the aggregate synaptic response to muscle stretch, i.e., eSSPs, recovered to roughly half of their normal size (initial and dynamic components in Table 1 ). This discrepancy might be explained if our relatively small sample of STA EPSPs underrepresented the population. Otherwise, the discrepancy might have resulted if the few *IA afferents that recovered transmission with motoneurons were more efficacious than normal. We can only speculate that greater efficacy might be explained by sprouting and synaptogenesis from remaining LIX collaterals, by some enhancement, possibly homeostatic (see for example, Rich and Wenner 2007), of transmission at single IA boutons, or by release of IA boutons from presynaptic inhibition (Peshori et al. 1998; Rudomin 2009) .
Central Synaptic Function of Afferents Not Responding to Muscle Stretch
Electrical stimulation of the regenerated nerve produced monosynaptic EPSPs in all motoneurons, even the 40% in which no aggregate eSSPs were detected, suggesting the occurrence of IA synapses that were functional but not responsive to muscle stretch (Fig. 8B, a) . The most direct explanation is that some IA afferents that fail to reconnect with spindle receptors in the periphery retain central synapses capable of transmitting monosynaptic excitation to motoneurons with approximately normal efficacy (Haftel et al. 2005 ) even at physiologically relevant stimulation rates (Fig. 4) . This is not the first evidence that regenerated IA afferents regain central synaptic function despite failure to reinnervate spindle recep-tors. Electrically evoked monosynaptic EPSPs return toward normal size for IA afferents that regenerate into skin (Mendell et al. 1995) and to supranormal amplitude for IA afferents superfused at their cut proximal end with neurotrophin NT3 (Munson et al. 1997) . These observations suggest that NT3, which is normally provided by muscle spindles in mature animals Brouwer 1994, 1997) , participates in "rescuing" primary afferent synaptic function (Mendell et al. 2001 ). However, neither skin innervation nor NT3 delivery reversed the damaged afferent's greater-than-normal synaptic depression during high-frequency transmission (Mendell et al. 1995 . Our findings for muscle reinnervation show that synaptic depression of regenerated afferents can be completely reversed, suggesting a role for some additional factor(s) accessed through muscle, possibly but not necessarily from muscle spindles (see Goldring et al. 1980; Munson et al. 1999 ). This suggestion is consistent with the good recovery of highfrequency transmission at motoneuron synapses made by group IA afferents that regenerated into their original muscle in the cat (Mendell et al. 1995) , which we found here even for afferents that were not activated by muscle stretch and presumably not reconnected to muscle spindles. Note that our findings on high-frequency transmission were obtained from afferents that had axons with low electrical threshold (see RESULTS) and cannot rule out greater-than-normal synaptic depression for spindle afferents that were unresponsive to muscle stretch and had higher electrical thresholds.
The capacity of afferents to excite motoneurons with electrical but not mechanical stimulation has important meaning for assessing recovery of sensorimotor behavior after injury. Measures that do not identify synapses activated by natural stimuli will significantly overestimate behavioral recovery. These measures include any that rely on electrical stimulation of nerves, e.g., electrically evoked EPSPs and H-reflexes, or even anatomical counts of VGLUT1 boutons. The presence of mechanically unresponsive synapses undoubtedly explains the discrepancy between complete or partial recovery of H-reflexes (English et al. 2007; Valero-Cabre and Navarro 2001, 2002) versus deficient recovery of the stretch reflex. Thus the effectiveness of muscle-length feedback in controlling movement after nerve section and regeneration can only be measured by examining motor responses to natural sensory stimuli.
Summary and Functional Implications
Results presented in this and the companion report advance a complex explanation for the persistent reduction of monosynaptic excitation of motoneurons by muscle stretch following nerve regeneration. We show a large and permanent reduction of synaptic varicosities (VGLUT1) produced by regenerated primary afferents in LIX and on motoneuron somata and proximal dendrites. Synaptic disassembly, together with failure of some IA afferents to reconnect with muscle spindles (Fig.  8) , provides a reasonable explanation for substantial reduction in monosynaptic transmission and in the stretch reflex. However, the loss of the stretch reflex is essentially complete (Chang et al. 2009; Cope et al. 1994; Cope and Clark 1993; Haftel et al. 2005; Huyghues-Despointes et al. 2003; Maas et al. 2007 ), suggesting that additional factors are required to explain why eSSPs, although small, fail to even modulate the firing of active motoneurons.
We have argued (Abelew et al. 2000 ; see also Maas et al. 2007 ) that stretch areflexia should have the greatest effects on the mechanical responses of muscles during lengthening contractions, and this seems a sound explanation for the deficits in interjoint coordination emphasized during downhill walking in cats with reinnervated triceps surae muscles. Furthermore, we predict that careful study should reveal abnormalities in other activities relying on lengthening or eccentric contractions, e.g., running, slowly lowering objects to the ground, and regaining balance after an unexpected perturbation in body position. Our present findings suggest the possibility for additional disability in sensorimotor behavior deriving from persistent changes in synaptic transmission from regenerated afferents with postsynaptic targets other than motoneurons. In the companion paper to this article we report that VGLUT1 synapses made by *IA afferents are smaller than normal in LV and LVII, thereby possibly altering circuits mediating reciprocal and presynaptic inhibition (Brownstone and Bui 2010; Jankowska 1992) . It is possible as well that altered transmission from regenerated *IA afferents through ascending pathways might affect recovery of proprioception, for example. Finally, we recognize the potential for permanent changes in transmission from regenerated muscle afferents of all sensory modalities to limit recovery of sensorimotor behavior. All of these considerations become plausible with recognition that even after proper reconnection in the periphery, regeneration of primary afferents may not restore normal synaptic connections within the central nervous system.
